Corn (maize, Zea mays L.) hybrids expressing the flexibility trait in ear size (number of kernels per ear) are marketed for ability to give higher yields under adverse conditions. Altered kernel number is associated with altered number of silk, a major route for infection of kernels by aflatoxin-producing fungi such as Aspergillus flavus. The effect of plant density and irrigation level on yield and accumulation of aflatoxins and fumonisins in harvested grain was compared in a fixed-ear hybrid (Pioneer 33K81), a semi-flexible ear hybrid (Pioneer 3223) and a flexible ear hybrid (Golden Acres 8460) over a range of seeding densities (49,400, 61,750, 74,700, 86,450, and 98,800 seeds·ha -1 ) in non-irrigated, moderately-irrigated (6.4 cm soil water deficit) and well-irrigated plots (3.8 cm soil water deficit), during three years with variable rainfall. Irrigation increased yields in all hybrids, but in the absence of irrigation, yields were highest with the semi-flexible ear trait hybrid. In general, the hybrid with the flexible ear trait had lower optimal seeding densities than the other hybrids for each soil water regime. In general, kernel number was least affected by seeding density in the hybrid with fixed-ear trait compared to the semi-and flexible ear hybrids. The lowest levels of aflatoxin and of fumonisin contamination in harvested grain were associated with the flexible ear trait at all rainfall and irrigation levels, but there was no evidence that reducing stress by lowering seeding density reduced mycotoxin contamination. Inoculation with A. flavus resulted in much higher levels of aflatoxin and significantly higher levels of fumonisin contamination in grain of all hybrids under most conditions of rainfall and irrigation, suggesting that factors that promote A. flavus infection can affect production of both mycotoxins.
Introduction
Contamination by aflatoxin is a major determinant of crop quality in corn (maize, Zea mays L.) in the US, particularly in the Southern US, where the hot, dry conditions which favor Aspergillus flavus and other aflatoxin-producing fungi frequently occur [1] [2] [3] [4] [5] [6] [7] . Fungi cause a variety of root, stalk and ear rots in corn, all of which cause some loss of yield, but it is aflatoxin produced by Aspergillus flavus contaminating kernels that is responsible for the greatest economic losses [8] . Aspergillus flavus spores infect corn after over-wintering in reservoirs provided by the soil and surface plant debris. The husk on the ear constitutes a major physical barrier to infection of kernels by A. flavus, but between silking (reproductive stage R1) and blacklayer (physiological maturity, reproductive stage R6) [9] , the silks provide avenues for A. flavus to enter the ear and infect the kernels. The fungus may also infect the kernels by entering through exposed kernels, i.e. insect damage. Once inside the ear, a fungus may spread laterally and infect many kernels [10] . Contamination of harvested corn kernels by another class of mycotoxins, the fumonisins, is also a problem [1] [2] [3] 7, [11] [12] [13] . The fungus that produces fumonisins, Fusarium verticillioides (Sacc.) Nirenberg [syn: Fusarium moniliforme], is an endophyte present in the seed, which can infect the developing plant during germination. F. verticillioides is also present in the soil, where it is introduced by decaying corn plant material. F. verticillioides can also infect corn plants from the soil reservoir, but the relative contributions of the two infection sources to fumonisin production in kernels is not well established [14, 15] .
Fungi that produce mycotoxins are often found in corn kernels at harvest [16] [17] [18] [19] [20] [21] . Aflatoxin and fumonisins are responsible for illnesses in humans and animals, and cause deterioration of the product resulting in economic losses to growers [8, [22] [23] [24] [25] . Thus, control of aflatoxin and fumonisins is a worldwide priority [26] [27] [28] . The United States Food and Drug Administration (FDA) has issued "action levels" for mycotoxins in foods and feeds in the US, which mandate the maximum level of aflatoxin at 20 ppb in foods for direct human consumption, but lower levels for some animal feed applications, whereas the action level of fumonisins is set at 2 ppm and is advisory [23, 29, 30] . Corn grain may be contaminated by both mycotoxins, which is expected to increase health risks. This regulatory environment has an important economic impact on the grain industry [1] [2] [3] 31, 32] .
Kernel number is an important trait that affects a hybrid's ability to adapt to specific growing conditions. Corn hybrids adapted to the Northern and Eastern US, where growing conditions are almost ideal for corn production [33] , usually have determinate or fixed kernel number, resulting in uniform cob length and girth even at high plant densities. In contrast, much of the corn production in the Southern US experiences drought stress at some time during the growing season. This is a particular problem on alluvial clay soils, which are more subject to drought stress due to a relatively shallow rooting zone and physical restrictions limiting plant-available water. Irrigation of corn is not consistently done in the lower Mississippi River Valley, particularly on the more slowly draining high clay soils. Many of the newer corn hybrids used in the Southern US have either the indeterminate (-flex) or partially indeterminate (semi-flex) kernel number trait [34] . Flex-ear hybrids respond to good growing conditions by producing an ear with more kernels than the plant would produce at high plant density. This trait may provide a competitive advantage when plant density is low. Examples of factors reducing plant density are soil surface residues which interfere with germination in no-till agriculture or use of lower seeding densities to minimize yield reduction associated with dry conditions. When a flex-ear corn plant responds to lower plant density by producing more kernels, it also produces a corresponding increased number of silks, which provides additional avenues for infection by A. flavus, as well as the desired increase in pollination potential. In principle, the existence of additional routes for A. flavus infection provides the basis for a hypothesis that a flex-ear hybrid will have increased susceptibility to natural infection by A. flavus relative to a fixed ear hybrid under similar conditions. Increased infection by A. flavus should result in increased contamination of harvested kernels with aflatoxins, particularly at lower plant density. Differences in aflatoxin contamination in hybrids with different kernel numbers would not be expected when ears are artificially infected with A. flavus by a mechanism that circumvents the silks (e.g., a pin-bar applicator). The effect of silk/kernel number on fumonisin contamination is less predictable, because F. verticillioides is present as both endophyte and soil-derived pathogen [14, 15] .
Aflatoxin levels are believed to be affected by the level of stress in corn plants during the ear filling period after silking [7, 35] . Among the types of plant stress believed to affect aflatoxin levels, high minimum (i.e., nighttime) temperatures are believed to be very important. However, other types of plant stress including drought and population density may add to heat stress in enabling A. flavus infection, proliferation, and aflatoxin elaboration [35, 36] . The ability to alter the number of kernels per ear has been introduced into corn cultivars in climates sub-optimal for corn production based on the rationale that these cultivars can minimize plant stress by altering ear size. If this is true, -flex and semi-flex hybrids may experience reduced aflatoxin contamination levels. A typical infection of corn by A. flavus involves the fungus entering the ear by growing down the silk, then spreading laterally in the cob. The larger the ear, the more silks and thus more potential avenues for infection and a greater likelihood of elevated aflatoxin levels. If this mechanism is important, full-and semi-flex corn hybrids would be expected to have higher aflatoxin levels at low seeding densities. The same plant stress factors are expected to affect levels of fumonisin contamination in a way similar to their affects on aflatoxin levels. However, the fumonisin-producing fungus, Fusarium verticillioides, is an endophyte in corn as well as a soil-derived contaminant, and the relative contributions of soil-derived F. verticillioides vs endophyte-derived F. verticillioides to production of the fumonisins that contaminate corn kernels under different sets of environmental conditions is poorly understood. This situation makes predicting how fumonisin levels in harvested corn kernels would be affected by additional kernels per ear and correspondingly larger numbers of silks more difficult than predicting effects on aflatoxin levels. A study was undertaken to determine the effects of seeding density and irrigation level on 1) Grain yield; 2) Number of kernels per ear and 3) Aflatoxin and fumonisin contamination in harvested corn kernels in hybrids with differing levels of ear de-
Materials and Methods

Experimental Site Characteristics
Field experiments were conducted in 2000 on the Louisiana Delta Plantation near Jonesville, LA, on an Alligator clay (very-fine, montmorillonitic, acid, thermic Vertic Haplaquepts) and 2001 and 2003 at the Northeast Research Station near St. Joseph, LA, on a Sharkey clay (very-fine, montmorillonitic, non-acid, thermic Vertic Haplaquepts) to evaluate the influence of seeding density on three hybrids differing in ear developmental traits on yield and aflatoxin and fumonisin accumulation in the grain. The following three soil water regimes were established using furrow irrigation: 1) No irrigation; 2) Moderate irrigation, in which crops were watered when the soil water deficit (SWD) reached 6.4 cm; and 3) Wellirrigated, in which crops were watered when the SWD reached 3.8 cm. The experimental design was a randomized complete block with five replications in 2000, three replications in 2001 and four replications in 2003 for each irrigation level. Timing of irrigations were determined using the Arkansas Irrigation Scheduler model [37, 38] . In 2000, the well-irrigated regime was watered on June 2, 9, 14 and 26, and July 3, 7, 12, 18 and 25, and moderately irrigated regime was watered on June 2, 14 and 30, and July 11 and 22. In 2001 well-irrigated plots were watered on May 17 and 29, June 20 and 27, and July 3, 10 and 20, and moderately irrigated plots were watered on June 4 and July 2. In 2003 well-irrigated plots were watered on May 30, June 6, 23, and 30, and July 15, 21 and 29, and moderately irrigated plots were watered on June 3 and 27, and July 17 and 29.
Corn Hybrids
Hybrids were selected based on yield potential and differences in ear developmental traits reported by the seed companies. Hybrids evaluated were Pioneer brand (PB) 33K81 (a fixed-ear hybrid with a relative maturity of 112 days), PB 3223 (a semi-flex ear hybrid with a relative maturity of 118 days) and Golden Acres (GA) 8460 (a full-flex ear hybrid with a relative maturity of 120 days). However, a randomized block design was used in the study in which each hybrid was grown in a range of five population densities, which should allow valid comparisons of aflatoxin and fumonisin susceptibility to be made within the population density range for each hybrid. Further study will be required to determine the generality of any conclusions drawn from the study concerning relationships between ear developmental traits and mycotoxin susceptibility.
Plant Densities
Corn hybrids were planted with a plot planter at seeding densities of 49400, 61750, 74700, 86450, and 98800 seeds·ha - Cultural practices for fertility and pest control recommended by the Louisiana State University AgCenter were followed. The two center rows of each plot were machine harvested, and yield reported at 15.5% grain moisture. Yield components of plant population, kernel weight, and kernels per ear were determined. Plant population was determined by counting the harvestable plants in each plot just before harvest. Mean ears per plant were also determined. Kernel weight was determined by averaging the weight of 100 kernels (g per 100 kernels). Kernels per ear was calculated using grain yield, ears·ha -1 , and kernel weight in the following formula: Kernels per ear = Yield/(ears -ha × kernel weight).
Fungal Inoculation
In order to identify non-silk-related factors in the susceptibility of hybrids to aflatoxin contamination, pin-bar or needle inoculation of ears [39] was used to by-pass the silk-related parts of the infection process, and thereby produce controls for post-infection differences in aflatoxin between hybrids. Primary ears were inoculated with a suspension of about 1.0 × 10 6 spores·ml -1 of an aflatoxin-producing strain of Aspergillus flavus, F3W4 (NRRL 30796) about 20 days after anthesis (approximately mid-ear stage of development) using the pin-bar method [40] ) injected on each ear. In the case of fumonisins, in which kernel contamination can result from both soil-derived and endophyte F. verticillioides, the fungus is typically widespread in corn production areas so that artificial inoculation was not necessary.
Mycotoxin Determination
Aflatoxin and fumonisin were determined in naturallyinfected corn from combine-harvested grain. A. flavusinoculated ears were hand-harvested at approximately 15% grain moisture, shelled, dried at 50˚C and thoroughly mixed on a sample splitter. Grain samples were ground using a Romer Mill (Romer Lab, Union, MO), and analyzed for aflatoxin and fumonisin at the USDA/-ARS laboratory in Stoneville, MS, using commercial ELISA kits (Neogen Corporation, Lansing, MI) as described previously [1] [2] [3] . Samples were analyzed in triplicate for both toxins.
Statistical Analyses
Statistical analyses were conducted using the Proc Mixed procedure of SAS 9.1 [41] to determine the effects of hybrid type and plant density at each irrigation level in each year, and Microsoft Excel 2010 for correlation analysis and Student's t-test. Fisher's Protected Least Significant Difference (LSD) was used to evaluate treatment differences when the F-test indicated a significance level (P ≤ 0.05).
Results and Discussion
Weather Conditions
Rainfall and temperatures in the Louisiana Delta Plantation (Jonesville) region and St. Joseph for the three years of the study are reported in Tables 1 and 2 . Seasonal average temperatures were higher than the 40-year average for both maximum (daytime) and minimum (nighttime) temperatures for each of the three years studied. No single month was consistently responsible for elevated average temperatures. But in 2000, daily maximum temperatures from 14 July through 17 July and 19 July to 20 July were unusually high, ranging from 38.0˚C to 39.8˚C ( Table 2) . Rainfall varied substantially for the three years ( Table 1 ). In 2000 rainfall was far below average in April and July, but at or above average in May and June, respectively. In 2001 rainfall was below average in April and May, while rainfall for June and July was above or near the long-term average, respectively. In 2003 rainfall for April, May, and July was below the long-term average, while June rainfall was well above normal.
Irrigation frequency was greatest in 2000, reflecting the large rainfall deficit that year ( Table 1) . Irrigation was triggered in the study by soil water deficit, which reflects the length of time between rainfall events as well as low total rainfall and the evapotranspiration rate, which is incorporated in the scheduling model. As a result, in 2000 there were five irrigations for plots in the moderate irrigation category (when the soil water deficit reached 6.4 cm) and nine irrigations for plots in the wellirrigated category (when the soil water deficit reached 3.8 cm). In 2001, a moderate drought year, there were two irrigations in the moderate irrigation category and seven irrigations in the well-irrigated category. In 2003, a relatively wet year by total rainfall, but with poor distribution, there were four irrigations in the moderate irrigation category and seven irrigations in the well-irrigated category. Soil water levels measured by Watermark sensors (Irrometer Co., Riverside, CA) confirmed that there was a consistent, expected difference in soil water between non-irrigated, moderately irrigated and well-irrigated plots (data not shown).
Effects of Planting Density (Seeding Rate) and Soil Water Deficit Kernel Number
If the hybrids in this study exhibited the kernel number variation expected on the basis of claims made by the marketing seed companies, then the number of kernels per ear would be expected to be affected by environmental factors that stress plants, including plant density and drought. A hybrid marketed as "flex" would be expected to yield ears with fewer kernels under stress conditions, whereas a hybrid marketed as "fixed-ear" would be expected to have yield with similar numbers of kernels under stress conditions. A hybrid marketed as "semiflex" would be expected to exhibit intermediate characteristics. In the present study plant density correlated very closely with seeding density under all conditions encountered (R values were 0.989 ± 0.004). Hence, in the following discussion the term "seeding density" is used interchangeably with "plant density". In no treatment were there significantly more than one ear per plant. In 2000, non-irrigated plots showed no consistent effect of seeding density on kernels per ear in the fixed-ear hybrid.
In the semi-flex and flex hybrids, kernel number was reduced by an average of 171 and 199 kernels, respectively, over the range from the lowest to the highest seeding density used ( Table 3) . Similarly in 2001, nonirrigated plots showed no consistent effect of seeding density on kernels per ear in the fixed-ear hybrid, whereas kernels per ear was reduced by 141 kernels from the lowest to the highest seeding density in the semi-flex hybrid, and reduced by 151 kernels in the full-flex hybrid ( Table 4) . However, in 2003, kernels per ear in non-irrigated plots was progressively reduced by 125-191 kernels as the seeding density increased for all three hybrids ( Table 5) ; indicating all three hybrids exhibited either a flex response to plant density, or a response to some unmeasured factor. The effect of drought on kernel number was less clear. In a comparison of average kernel number in non-irrigated plants between a drought year (2000) and a normal rainfall year (2003), all three hybrids had a lower kernels per ear under drought conditions. But the increase in kernels per ear in the normal rainfall year for the fixed ear hybrid (71 kernels) was less than for the semi-flex hybrid (83 kernels), and the largest increase was in the full-flex hybrid (151 kernels). However, the 2001 growing year was anomalous with a larger kernel number for all three hybrids, suggesting another unidentified factor was the primary determinant of kernel number that year. Inconsistent results were also obtained in a comparison of kernels per ear with increasing irrigation levels for the three growing years. Hybrids in the drought year (2000) would be expected to exhibit the largest kernel number flex response. As expected, the fixed ear hybrid changed kernel number little with increased irrigation, but the semi-flex and full-flex hybrids changed kernels per ear in unexpected directions, suggesting that the irrigation levels used were not sufficient to eliminate drought stress. In the semi-drought year (2001) there was insufficient kernels per ear change to allow conclusions to be drawn. In the normal rainfall year (2003) the fixed ear hybrid changed kernels per ear little with increased irrigation, as expected, while the semi-flex and full-flex hybrids increased in kernels per ear (by 64 and 74 kernels, respectively) with increasing irrigation levels as expected for effective relief of drought stress. In general, kernel number change in response to drought was only partially consistent with expectations for ear size change properties claimed by the seed companies that marketed the hybrids.
Factors Affecting Yield
Effect of Type of Hybrid on Yield
Hybrids with flexible kernel number are marketed for their purported ability to give higher yields under stress conditions than do fixed ear size hybrids, which have been selected for the ability to give high yields under optimal conditions. When not irrigated, only the main effect of hybrid type was significant. Among the three hybrids in this study, under non-irrigated conditions, the semi-flex hybrid gave the highest average grain yield in all three years, resulting in the average yield rank for the hybrids being semi-flex hybrid > fixed ear hybrid ≈ full-flex hybrid ( Table 3 ). These data suggest that the full-flex hybrid may not be very tolerant of dry conditions. The semi-flex hybrid had the highest yield among hybrids regardless of the irrigation level. These higher yields for the semi-flex hybrid were primarily due to higher kernel weights regardless of soil water levels. Hybrid and seeding density main effects affected kernels per ear, however, the interaction between hybrid and seeding density was not significant in either of the soil water treatments in 2000 ( Table 3 ). The fixed ear hybrid exhibited less variation in ear size (kernels per ear) with increased seeding density than the semi-flex and full flex hybrids. In scatter plots of kernels per ear vs seeding density the data for the fixed ear hybrid with no irrigation correlated poorly (R 2 = 0.235) and the slope of the line fitted to the data = -0.1 kernels per ear change per 10 3 increase in seeds per ha. The corresponding values for moderate irrigation were R 2 = 0.895 and slope = -2.8, and for well irrigated were R 2 = 0.832 and slope = -1.1. For the semi-flex hybrid the corresponding values were R 2 = 0.984 and slope = -3.6 for no irrigation, R 2 = 0.840 and slope = -3.6 for moderate irrigation and R 2 = 0.900 and slope = -1.9 for well-irrigated conditions. For the full flex hybrid the corresponding values were R 2 = 0.886 and slope = -3.8 for no irrigation, R 2 = 0.894 and slope = -3.3 for moderate irrigation and R 2 = 0.975 and slope = -2.6 for well-irrigated conditions.
Effect of Seeding Density on Yield
Yields from hybrids with flexible kernel number are expected to correlate negatively with seeding density, particularly under drought conditions, because these hybrids can increase yields at low seed densities by increasing kernel number. In the drought year of 2000, yields from semi-flex and full flex hybrids correlated negatively with seeding density with no irrigation (R = -0.648 and -0.412, respectively) and with low irrigation (R = -0.128 and -0.817, respectively), whereas under well-irrigated conditions the correlations were positive (R = 0.863 and 0.295, respectively) ( Table 3 ). In contrast, yields from the fixed kernel number hybrid were observed to correlate positively with seeding density with no irrigation (R = 0.919), moderate irrigation (R = 0.612) and well-irrigated (R = 0.929). These differences are reflected in a significant hybrid × seeding density interaction for yield in both moderately-and well-irrigated corn. In non-irrigated plots in 2000, yields for both the semi-flex hybrid and the full-flex hybrid were maximal at about 74,700 seeds·ha -1 , whereas yields for the fixed ear hybrid continued to increase as seeding density increased. Maximum yield for the semi-flex hybrid occurred at higher seeding densities than the other two hybrids in the wellirrigated plots, while yields for the fixed ear hybrid and the semi-flex hybrid increased with higher seeding densities in the moderately irrigated plots.
In years 2001 and 2003, when there was greater rainfall, yields from all hybrids correlated positively with seeding density with or without irrigation (R ranging from 0.722 to 0.984). Kernels per ear for the fixed ear hybrid remained relatively constant across seeding densities, while kernels per ear decreased with increasing plant populations for both the semi-flex hybrid and the fullflex hybrid. In 2001 the main effects of hybrid and seeding density were significant for kernels·ear -1 regardless of soil water level, and the interaction between hybrid and seeding density was significant for the non-irrigated plots. In 2003 there appeared to be a good relationship between optimum plant population and yield potential. Optimum seeding density was approximately 74,700 seed·ha -1 for non-irrigated plots and 86,450 seed·ha -1 for moderately irrigated plots regardless of hybrid. However, there was a significant hybrid × seeding density interacttion for yield in well-irrigated plots. The optimum seeding density was 86,450 seed·ha -1 for the fixed ear hybrid and 74,700 seed·ha -1 for the semi-flex hybrid, while yield for the full-flex hybrid continued to increase with increased seeding density over the entire range studied. The semi-flex hybrid had the highest kernel weight in non-irrigated, moderately irrigated and well-irrigated plots ( Table 5) . Unlike the first two years, the hybrid × seeding density interaction for kernels·ear -1 was significant across all irrigation rates examined. The decrease in kernels per ear as plant population increased was less for the fixed ear hybrid than for the other two hybrids.
In general, the flex hybrid had lower optimum plant populations than the other two hybrids for each soil water regime. This was most obvious in both the non-irrigated and moderately irrigated plots, indicating that lower seeding densities could be used for this hybrid, particularly under drought conditions. However, the 2000 findings indicate that the -flex hybrid may not be as drought tolerant as the other hybrids in the study. For a grower, selecting an adapted drought-tolerant hybrid would be advisable in a dryland cropping system.
Effect of Moisture Stress on Yield
Reducing drought conditions by irrigation resulted in increased yields with all hybrids in all years and higher levels of irrigation resulted in higher yields (Tables 3, 4 , and 5). Averaged across the three hybrids and seeding densities, yields were 8.2 Mg·ha -1 for the non-irrigated corn, 8.9 Mg·ha -1 for moderately irrigated corn, and 9.6 Mg·ha -1 for well-irrigated corn, consistent with water stress being greatest in the non-irrigated plots, and least in well-irrigated plots. The largest increase in yield in response to irrigation was observed with the flex hybrid each year, although the relative sizes of yield increases were variable.
Mycotoxin Contamination in Hybrids
Expressing Varying Levels of Kernel Number Flexibility Trait
Aflatoxin Contamination in Hybrids Expressing
Varying Levels of Kernel Number Flexibility Trait Aflatoxin levels in uninoculated corn averaged over the three years in the study were 33.5 ± 12.0 μg·kg -1 for non-irrigated plots, 29.3 ± 11.4 μg·kg -1 for moderately irrigated plots and 24.2 ± 8.5 μg·kg -1 for well-irrigated plots ( Table 7 ). The effect of drought on aflatoxin levels can be examined by comparing average aflatoxin levels in corn grown without irrigation in the drought year of 2000, to corn grown in moderately irrigated plots and in well-irrigated plots. In 2000, corn inoculated with A. flavus, averaged aflatoxin levels of 827 ± 46 μg·kg -1 in non-irrigated plots, 783 ± 51 μg·kg -1 in moderately irrigated plots, and 877 ± 50 μg·kg -1 in well-irrigated plots. The only significant difference with differing irrigation levels was hybrid in both the moderately-irrigated and well-irrigated plots. The hybrid with the flexibile kernel number trait had the lowest aflatoxin levels at each of the irrigation levels. In 2001, average aflatoxin levels in corn inoculated with A. flavus were 1,008 ± 274, 660 ± 212 and 684 ± 145 for the non-irrigated, moderately-irrigated and well-irrigated plots, respectively. At each irrigation level, hybrid was significant for aflatoxin levels with the rank being flex ear > fixed ear = semi-flexible ear hybrid. In 2003 aflatoxin levels in corn inoculated with A. flavus were lower than the other two years, averaging 46.5 ± 12.2 μg·kg -1 for non-irrigated plots, 68.1 ± 16.7 μg·kg
for moderately irrigated plots, and 22.3 ± 5.5 μg·kg -1 for well-irrigated plots. The only significant effect was hybrid in the non-irrigated plots.
Very limited differences in aflatoxin levels in naturally infected corn (Table 6 ) or in corn inoculated with A. flavus ( Table 7) were observed in hybrids with varying ear flex. In 2001, for moderate irrigation there was a significant hybrid type x seeding density interaction in which aflatoxin levels increased with increasing seeding density for all hybrids with A. flavus inoculation and for the flex hybrid with natural infection. For naturally-infected fixed ear or semi-flex hybrids there was insufficient aflatoxin contamination to evaluate the effect of seeding density in 2001 ( Table 6 ). In 2003 the hybrid × seeding density interaction was significant only for the non-irrigated plots. There was considerable variation in aflatoxin levels among seeding densities for all hybrids. Effects of drought stress and seeding density alone do not fully explain the variation in aflatoxin levels, consistent with other factors playing a significant role. ). In hybrids that were inoculated with A. flavus ( Table 9) , fumonisin levels in harvested grain averaged over the three years were significantly lower (ANOVA, P < 0.01) for the fixed ear hybrid (1.94 ± 0.17 mg·kg ). Fumonisin levels in corn grain not inoculated with A. flavus averaged over the three years in the study was 1.94 ± 0.20 mg·kg -1 for non-irrigated plots, 2.18 ± 0.36 mg·kg -1 for moderately irrigated plots, and 2.54 ± 0.35 mg·kg -1 for well-irrigated plots ( Table 8) . Inoculation with A. flavus is not expected to affect fumonisin levels unless the two fungi are mutually antagonistic or synergistic during fungal growth and mycotoxin production. Fumonisin levels in corn grain inoculated with A. flavus averaged over the three years in the study were 2.13 ± 0.19 mg·kg -1 for non-irrigated plots, 3.11 ± 0.39 mg·kg -1 for moderately irrigated plots, and 3.31 ± 0.46 mg·kg -1 for well-irrigated plots ( Table 9) , which was significantly higher (P < 0.05, Student's t test) than observed for corn in plots not inoculated with A. flavus.
Fumonisin levels in naturally infected corn (Table 8 ) were significantly affected by hybrid in 2000 and 2003 with higher fumonisin levels being associated with hybrids expressing increased ear size flexibility. In corn inoculated with A. flavus ( Table 9 ) fumonisin levels were significantly affected by hybrid in 2000 in moderate and well irrigated corn and in 2003 with all irrigation levels, also with higher fumonisin levels being associated with hybrids expressing increased ear size flexibility. Overall average fumonisin levels were significantly higher in hydrids expressing increasing ear size flexibility in naturally infected corn (ANOVA, P < 0.001) and in corn inoculated with A. flavus (ANOVA, P < 0.001). No consistent effects of irrigation level or seeding density on fumonisin levels were observed in either naturally infected corn ( Abbreviations: NS = Non-significant at the 0.10 probability level; LSD = Fisher's least significant difference test; flex = Flexible kernel number trait; SWD = Soil water deficit. 2 Some treatments contained only one replicate. 2 Moderate irrigation occurred at 6.4-cm SWD; well irrigated occurred at 3.8-cm SWD.
Effect of Irrigation Level on Aflatoxin and Fumonisin Levels
In the drought year of 2000, aflatoxin levels were significantly higher (P < 0.001, Student's t-test) than in years with moderate (2001) or good (2003) rainfall at all levels of irrigation with or without inoculation with A. flavus (Tables 8 and 9 ). There were no consistent significant differences in aflatoxin levels among irrigation regimes in the drought year of 2000 or in years with moderate (2001) or good (2003) rainfall, suggesting that factors other than drought were primarily responsible for determining aflatoxin levels in harvested grain.
In the drought year of 2000, fumonisin levels were significantly lower (P < 0.001, Student's t-test) in nonirrigated corn than in moderately or well-irrigated corn with or without inoculation with A. flavus (Tables 8 and  9 ). There were no consistent significant differences in fumonisin levels among irrigation regimes in years with moderate (2001) or good (2003) rainfall, suggesting that factors other than drought were primarily responsible for determining fumonisin levels in harvested grain.
Effect of Seeding Rate on Aflatoxin and Fumonisin Levels
Seeding rate and the resulting plant density is one of several crop management techniques which have been extensively studied for their effects on aflatoxin and fumonisin contamination in harvested corn kernels based on the model that mycotoxin production is associated with factors that increase plant stress [42] . Effects of plant density have become of increased concern as plant population recommendations for maize production have increased to the point at which they are now double those recommended in the 1950's. For example, Rodriguezdel-Bosque [43] observed in Mexico that the two factors most associated with enhanced aflatoxin contamination were late planting and ear insect damage, whereas plant density did not significantly affect aflatoxin contamination. However, Alvarado-Carrillo et al. [44] observed that high plant densities resulted in lower grain yield and increased aflatoxin content and charcoal rot disease in corn in Mexico. In Italy Blandino et al. [45] reported significantly higher levels of fumonisins in harvested corn us-ing a combination of agronomic techniques including higher seeding density. In this study, no consistent significant correlations were observed between seeding density and aflatoxin levels in either naturally infected corn (R ranged from -0.73 to +0.71) ( Table 6 ) or corn inoculated with A. flavus (R ranged from -0.94 to +0.84) Table 7 ). In hybrids not inoculated with A. flavus (Table 8) , the average fumonisin levels across the three years correlated well with seeding density for the fixed kernel number hybrid (R = 0.97) and less well for the semi-flexible kernel number hybrid (R = 0.91) and the fully flexible kernel number hybrid (R = 0.54). All significant correlations with seeding density for individual years and irrigation levels in the study were positive, but average fumonisin levels did not correlate (R < 0.5) consistently with seeding density for hybrids (R ranged from -0.47 to +0.96). In hybrids inoculated with A. flavus ( Table 9 ) there were no consistent significant correlations between fumonisin levels and seeding density (R ranged from -0.96 to +0.99).
Conclusion
In this study, characterization of the effects of irrigation and population density (seeding density) on kernel number in corn hybrids with different ear size flexibility traits generally reflected expectations based on seed company claims. Under drought conditions, kernels per ear for the fixed-ear hybrid remained relatively constant across the range of seeding densities studied, whereas kernels per ear decreased with increasing plant population for both the semi-flexible and flexible kernel number hybrids. However, drought alone resulted in smaller numbers of kernels per ear for all hybrids. Irrigation increased yields in all hybrids, but in the absence of irrigation, yields were highest for the hybrid with the semi-flexible kernel number trait. Under irrigation yields of all hybrids correlated with seeding density. Under drought conditions, yields were maximal at 74,700 seeds/ha for semi-flexible and flexible ear hybrids, but yields for the fixed ear hybrid continued to increase with seeding density evaluated. The lowest levels of aflatoxins and fumonisins in harvested grain were observed for the hybrid with the flex ear hybrid at all rainfall and irrigation levels, but there was no evidence that reducing stress by lowering planting density played any role in achieving low mycotoxin contamination. Inoculation with A. flavus resulted in much higher levels of aflatoxins and significantly higher levels of fumonisins in all hybrids under most conditions of rainfall and irrigation, suggesting that factors promoting successful infection by A. flavus can have a major effect on production of both toxins. Further studies with larger numbers of hybrids will be needed to determine more specific roles played by the ear flex trait
